A stimulation by phenazine methosulfate (PMS) of photophosphorylation with extracts of Rhodospirillum rubrum was first reported by Geller and Gregory,' who at the same time presented spectroscopic evidence that PMS was oxidized during the reaction. Jagendorf and Avron2 subsequently reported that PMS serves as a cofactor for cyclic photophosphorylation in chloroplasts, and considerable interest and effort has since been concentrated on the action of PMS in the electron transfer reactions of photosynthetic systems. The activity of PMS in the photophosphorylation system of R. rubrum has been explained in two ways: (a) PMS bypasses inhibitor-sensitive and rate-limiting sites of the electron transfer sequence,3 4 and (b) PMS exerts an oxidation-reduction poising action on the system.5
ditions using red light (650 mgt sharp cutoff filter) and followed with a modified Bausch and Lomb Spectronic 505 recording spectrophotometer as outlined by Vernon.7 UQ6 was obtained from Mann Research Laboratories, and UQ2 was a gift of Merck, Sharp and Dohme Research Laboratories. (UQ6 is the abbreviation used for the ubiquinone containing 6 isoprene units in the side chain. Likewise, UQ2 contains two such units.) Reduced ubiquinones were prepared by the method of Green and Burkhard. 10 Chlorophyll was determined by the method of van Niel and Arnold."
Results.-The photooxidation of reduced PMS (PMSH2) in the presence of UQ was followed at 388 mq, a major absorption peak of PMS. Figure 1 shows the absorbancy changes obtained when a system containing R. rubrum chromatophores, PMSH2, and either UQ2 or UQ6 is illuminated. A few minutes prior incubation in the dark allows reduction of PMS by the added reduced UQ (UQH2). Although the initial rates of PMSH2 photooxidation (and UQ photoreduction) appear to be nearly the same for both quinones, the reaction with UQ2 reaches its maximal extent sooner than that with UQ6. In the dark the reaction is reversed in both cases, and the light-on light-off sequence can be repeated several times without changing the extent or rate of the reactions. In the absence of added ubiquinone an absorbancy change is observed with PMS which had been reduced by anaerobic illumination in white light prior to addition to the reaction mixture. The slight photooxidation of PMSH2 in this case is coupled to endogenous components of the chromatophore (probably quinones) in a reversible system analogous to the reactions observed in the presence of added quinones. The dark reaction in which PMS is reduced by the photoreduced ubiquinone appears to be primarily chemical in nature, since it is not sensitive to 10-5 M antimycin A. In this respect it differs from the dark reduction of added cytochrome c by reduced ubiquinone which is sensitive to antimycin A at 10-7 M.6 Because of relatively slow instrument response it is not possible precisely to determine initial rates of the photoreactions shown in Figure 1 . However, in cooperation with Dr. R. K. Clayton of this laboratory, an instrument with more rapid response was used to follow initial reaction rates. From these experiments initial PMSH2 photooxidation rates of [6] [7] [8] Chromatophores from Chromatium and Rps. spheroides were shown by Vernon'2 to be active in the photooxidation of DPIPH2 and TMPD in the absence of added UQ. Figure 4 shows that chromatophores from these photosynthetic bacteria will also couple with added UQ. This allows the photosynthetic apparatus in these bacteria to be investigated by means of this reaction, but to date our efforts have been concentrated on R. rubrum.
Chromatophores heated for 8 min at 60°C retain their ability to photooxidize PMSH2. This agrees with the observation that photooxidation of added ferrocytochrome c in the presence of UQ proceeds rapidly even after heating chromatophores at 60°C for 3 hr,6 and with previous reports on the heat stability of photooxidation reactions with chromatophores of R. rubrum.13' 14 However, heating in boiling water for 2 min does inactivate the chromatophores. This is shown in Figure 5 , where curve 1 represents the activity obtained in the PMSH2-UQ2 system with boiled chromatophores, and curve 3 shows that no activity is observed in the ferrocytochrome c-UQ2 system. Upon addition of the detergent Triton X-100 a restoration of the PMSH2-UQ2 activity is obtained (curve 2), but the ferrocytochrome c-UQ2 system remains inoperative (represented also by curve 3). This observation reflects a basic difference in the two reaction systems. PMSH2 appears to react directly with bacteriochlorophyll (see also Fig. 6 ), while cytochrome c appears to react through some endogenous component(s) which is oxidized by the chlorophyll. The structural integrity of the chromatophore which is essential for the cytochrome c system is destroyed by heating in boiling water 1 and 4 were obtained from reactions with Reaction conditions were the same as those no detergent present. Conditions were outlined in Fig. 2 . the same as outlined in Fig. 2 .
restored by the addition of detergent. On the other hand, bacteriochlorophyll which has been buried in denatured protein is exposed by detergent action and can react with PMSH2 in the light. Figure 6 shows that bacteriochlorophyll catalyzes the photooxidation of PMSH2 in the presence of UQ6 or UQ2 (curves 1 and 4). The ability of chlorophyll a, chlorophyll b, chlorophyllin a, protoporphyrin IX, and tetraphenylporphyrin to photooxidize PMSH2 in the presence of Triton X-100 and ubiquinones has recently been reported.'5 The reactions observed with bacteriochlorophyll, PMSH2, and ubiquinone are greatly stimulated by the addition of certain detergents. Thus, curves 2 and 5 show the effect of solubilized asolectin (soybean phospholipid) on these reactions. Triton X-100 shows a similar stimulation. Deoxycholate at a concentration of 0.5 per cent inhibits the reaction, even showing some indication of a photoreduction of PMS, which agrees with observations reported recently.'5
The effect of deoxycholate and Triton X-100 on the PMSH2-UQ reactions in the presence of R. rubrum chromatophores was examined. Table 1 shows the inhibitory effect of deoxycholate on the initial rate and extent of the light reaction. The dark reaction, on the other hand, is stimulated. Although stimulation of the dark reaction may contribute to inhibition of the light reaction (since they are competing reactions), it is evident that this alone does not account for all of the inhibition observed. For example, in the presence of 0.07 per cent deoxycholate the rate of the dark reduction of PMS by UQ6H2 is the same as the control, but the rate of the light reaction is only 60 per cent of the control, and the extent has been reduced by about 20%. Inhibition of the PMSH2-UQ6 light reaction occurs at concentrations of deoxycholate which have no effect on the photooxidation of PMSH2 in the presence of UQ2. One per cent deoxycholate completely inhibits the photooxidation of PMSH2 with UQ6 as the electron acceptor.
Triton X-100 differs from deoxycholate in its effect on the light reactions (Table  2) . At very low detergent concentrations an inhibition of both reaction rates and extent is seen. As the detergent concentration is increased, the inhibitory effects disappear and, in some cases, stimulations are observed. Here also, as in the experiments with deoxycholate, the effective detergent concentration differs for the two ubiquinones. While Triton X-100 at the higher concentrations suffices to solubilize spinach chloroplasts,'5 it did not remove the bacteriochlorophyll from the chromatophore particle.
Discussion.-The sequence of reactions reported in this communication can be written:
Reaction 1 represents the photochemical reaction catalyzed by the chromatophore (or extracted chlorophyll) and shows the direct involvement of PMSH2 in the electron transfer reaction in the light. PMSH2 can be replaced in the above chromatophore reactions with DPIPH2 or TMIPD, as seen in Figures 2 and 3 , or with ferrocytochrome c. 6 Clayton has demonstrated that light-induced oxidation of endogenous cytochrome in Rps. spheroides and Chromatium is coupled to the reduction of quinone contained in the cells.'6 Bales and Vernon"7 have shown that the rapid photooxidation of added DPIPH2 catalyzed by chromatophores of R. rubrum produced absorption changes in the particles which are related to quinone reduction. These investigators have considered that the bacteriochlorophyll mediates the photoreaction by directly transferring electrons from the reductant (reduced endogenous cytochrome or reduced dye) to the endogenous quinone. Bose and Gest'8 have offered another explanation for reactions of this type, proposing that a "reverse electron flow" occurs via the enzymatic components of the particle, driven by ATP formed in the light.
The present experiments show that PMSH2, DPIPH2, and TM\PD in the presence of illuminated chromatophores can reduce added UQ2 and UQ6. These reactions are against the electrochemical potential gradient, are reversed in the dark, and are Fig. 2 . Triton X-100 was added as indicated. Initial rates were calculated from recorder tracings of absorbancy changes at 388 m/A. best explained in terms of a direct transfer of electrons from the electron donor molecule to UQ via the bacteriochlorophyll upon illumination. In the case of PMSH2 and UQ, the reaction proceeds in the presence of extracted bacteriochlorophyll or with boiled chromatophores treated with detergent, and in these cases the ATP-forming system is not operative.
Although the photooxidatiou of PMSH2 by chromatophores appears to be a direct electron transfer reaction mediated by bacteriochlorophyll, it is not possible at this time to say if PMSH2 and UQ react directly with chlorophyll or with chromatophore components which are intimately associated with the bacteriochlorophyll at the reaction center. It appears that the anaerobic photooxidation of ferrocytochrome c requires structurally intact chromatophores and some endogenous chromatophore component(s), since this reaction is not catalyzed by boiled chromatophores in the presence of Triton X-100, or by extracted bacteriochlorophyll.
The effect of detergents on PMSH2 photooxidation by chromatophores is complex. The nature of the detergent and the length of the ubiquinone isoprenoid side chain appear to influence the response of the photoreaction to detergent action. The effect of deoxycholate, as seen in Table 1 and Figure 6 , is essentially the same as observed previously for the photooxidation of PMSH2 in the presence of chloroplasts (or chlorophyll a) and ubiquinone. 5 In those studies it was shown that deoxycholate caused a reversal of the reactions (e.g., a photoreduction of PMS and a dark oxidation of PMSH2). An explanation of this phenomenon is not possible at this time. However, in view of the rapid photoreduction of PMS when trimethyl-p-benzohydroquinone (Eo' = +0.102 VI9) is used in place of ubiquinone in the absence of deoxycholate,'5 either a change in equilibrium between the oxidized and reduced forms of PMS and UQ or an alteration of the redox potential of one of the reactants might be suspected. phenolindophenol and N,N,N',N'-tetramethyl-p-phenylenediamine. These photooxidations are coupled to reduction of ubiqinone (UQ2 or UQ6). A back reaction occurs in the dark, allowing for cyclic electron flow. Deoxycholate inhibits the light reaction whereas Triton X-100 inhibits at low concentrations and stimulates the reaction at higher concentrations. Chromatophores are inactivated by heating in boiling water, but subsequent addition of Triton X-100 restores the PMSH2 photooxidation activity. The PMSH2-UQ reaction is also catalyzed by extracted bacteriochlorophyll. These data indicate that the chromatophore catalyzes the photoreaction via bacteriochlorophyll which catalyzes a direct transfer of electrons from the donor molecule to UQ under the influence of light.
